AlN-hBN ceramic composites with 3 mass% CaF2 were fabricated by spark plasma sintering at 1800°C for 10 min. The effects of hBN content on mechanical properties, microstructure, and machinability of AlN-hBN composites were investigated. With increasing hBN content, relative density, flexural strength, and Young's modulus decreased, whereas fracture toughness increased slightly. Vickers' indentation cracks are largely deflected near hBN platelets, implying a weak interfacial bond between the AlN and the hBN. The fracture surfaces of AlN-hBN composites showed a higher tendency of intergranular fracture than monolithic AlN. During end-milling processes, the cutting resistance decreased with hBN content, demonstrating the machinability of AlN ceramic can be improved significantly by the addition of hBN.
Introduction
Aluminum nitride (AlN) is a promising material for semiconductor applications because of its high thermal conductivity, low dielectric constant and thermal expansion coefficient close to that of silicon. 1) However, its poor machinability owing to high cutting force and brittle fracture behavior make it difficult to utilize AlN for complex precision parts. 2) It is known that the addition of hexagonal boron nitride (hBN) improves the machinability of AlN. The plate-like structure of hBN, which is similar to that of graphite, encourages cleavage fracture behavior and facilitates crack deflection and propagation along the interface of AlN-hBN.
3) Therefore, AlN-hBN composites can be easily machined using conventional WC-based cutting tools.
In general, AlN-hBN composites are prepared by hot-pressing method, owing to the poor sinterability of plate-like hBN. However, this method is inefficient because of the long sintering time and high sintering temperature. Recently, the technique of spark plasma sintering (SPS) has been used to enable ceramic powder to be fully sintered at relatively low temperature in a very short time. In spark plasma sintering, a pulsed direct current is directly applied to the sintering powder, and the high-energy plasma generated between the powder particles provides the heat and promotes sintering. 4) This internal generation of heat distinguishes spark plasma sintering from conventional sintering techniques, where the heat is provided by external heating elements.
In this study, AlN-hBN composites were prepared by spark plasma sintering, and the effects of hBN content on microstructure, mechanical properties and machinability of composites were investigated.
Experimental procedure
AlN (> 99.15%, 2.9 μm, Tokuyama Co. Ltd., Japan), hBN (> 99%, 6.7 μm, T. D. K. Co. Ltd., Japan), and CaF2 (> 99.5%, Sigma-Aldrich Ltd., USA) were used as starting materials. 3 mass% CaF2 was added to AlN powders as a sintering aid, and then different amounts of hBN ranging from 0 to 30 vol% were added. The mixed powders were planetary ball-milled for 12 h in ethanol medium using MC Nylon pot and ZrO2 balls. To avoid gravity-induced segregation, the mixed powder were simultaneously dried on a hot plate and stirred. After drying and sieving (< 50 mesh), the mixed powder poured into a graphite mold (20 and 30 mm in diameter) and subsequently spark plasma sintered at 1800°C for 10 min. A pressure of 30 MPa was applied from the beginning of sintering. The heating rate was 100°C/min in a vacuum (0.133 Pa), and furnace cooled to room temperature. After grinding and polishing the sintered compacts, circular samples 20 mm in diameter and 1.5 mm in thickness were obtained.
Bulk densities of sintered specimens were measured using Archimedes method. Relative densities were determined as the ratio between bulk densities and the theoretical densities calculated by the rule of mixture. Biaxial flexural strength (with a ball on three balls test), 5) Young's modulus (using the dynamic resonance method), 6) Vickers hardness (load: 98 N, dwell time: 30 s) and fracture toughness (using the indentation strength method) 7) were measured. In order to measure the fracture toughness, the surfaces of rectangular specimens (3 × 4 × 27 mm 3 ) were polished using diamond (1 μm) lapping film. An artificial surface flaw was introduced at the center of each specimen by using Vickers indentation at a load (P) of 98 N for 30 s on surface perpendicular to pressing direction. Then, the bending strength (σ f) of the rectangular specimens was determined by three-point bending test. The lower span for the bending test was 20 mm and the loading rate was 0.5 mm/min. The fracture toughness (KIC) was calculated using following equation;
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where E is the Young's modulus and H is the Vickers hardness.
In general, spark plasma sintered AlN-BN composites exhibit strong texturing with the BN grains oriented such that the c-axis is parallel to the pressing direction. Thus, the mechanical properties were measured on planes perpendicular to pressing direction during spark plasma sintering.
The microstructure of specimens was investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) equipped with energy dispersive X-ray (EDX), and the composition was analyzed by X-ray diffraction (XRD) analysis.
Finally, machinability was evaluated by cutting tests. The cutting tool was WC-Co, the feed rate was 60 mm/min, the spindle rotational speed was 2259 rpm and the depths of cut were 0.10, 0.15, and 0.20 mm. During the cutting process, feed force and thrust force were detected by dynamometer. . The effects of hBN content on Young's modulus and Vickers hardness of the AlN-hBN composites are shown in Fig. 3 .
Results and discussion
The drop in strength may also be caused by the residual tensile stress developed by the difference in thermal expansion coefficient (TEC) of AlN and hBN. 8) hBN has an anisotropic (7.15 × 10 -6 C -1 along the c-axis and 0.77 × 10 -6 C -1 along the a-axis), but the TEC of AlN is isotropic (5.6 × 10 -6 C -1 ).
9) The TEC mismatch between AlN and hBN can lead to a residual tensile stress along the plane vertical to the c-axis of hBN. On the other hand, the changes in the Vickers hardnesses of AlN composites were similar to those of their Young's moduli. 
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The X-ray diffraction (XRD) patterns of AlN with different hBN contents are shown in Fig. 4 . Only the major phase of AlN was observed in monolithic AlN, but the minor phase of CaF2 was detected in AlN-30 vol% hBN composites as well as the major phases of AlN and hBN. In order to confirm the existence of CaF2 within AlN monolith, transmission electron microscope (TEM) observation was carried out using a machine equipped with energy dispersive X-ray (EDX) capability, as shown in Fig.  5 . The peak corresponding to Ca was detected at a triple junction, indicating the existence of Ca-rich liquid layer in monolithic AlN. This result is different from those of the XRD and EDX analyses by Xiong et al., 10) where was found that there was no evidence for secondary phase in the AlN monolith.
In general, AlN-hBN composites prepared by spark plasma sintering revealed textured microstructure, since the longer axes of plate-like hBN tended to orient vertical to pressing direction.
In order to investigate the crack interaction with oriented hBN, Vickers indentation cracks with three different orientations of 0°, 45°, and 90° to longer axis of hBN were introduced on surface parallel to the pressing direction. Figure 6 shows advancing crack paths at different indentation angles. For the case of 0°a ngle, the crack advances in a relatively straight fashion along the interface of AlN and hBN. However, for the cases of the 45°a nd 90° angles, the advancing cracks are seen to be deflected by the hBN grains. Figure 7 shows interaction between Vickers crack and hBN platelets on surface parallel to the pressing direction. It was noteworthy that the cleavage fracture occurred within the cleavage plane of hBN, and the interfacial fracture occurred along the interface of AlN and hBN. The interfacial fracture provides direct evidence for weak interfacial bond 8) between AlN and hBN. Figure 8 shows SEM images of fracture surfaces after biaxial flexural strength tests. AlN monolith showed mixed fracture mode of transgranular and intergranular, while AlN-hBN composites showed higher tendency toward intergranular fracture. For brittle ceramics, the crack propagation will travel along the grain boundary or within the grain depending on the crack incident angle and the ratio of grain boundary fracture energy (EGB) to the surface energy of crystal planes (EG).
11) Such a transition from a mixed fracture mode to intergranular fracture with increasing hBN content is due to the weak interfacial bond (low EGB) between AlN and hBN.
For AlN-hBN composites, pull-outs of hBN platelets are observed frequently, implying that the interfacial bond between AlN and hBN is weak. In ceramic matrix composites, interfacial bonding affects the composite fracture behavior. For a weak interfacial bond, a crack in the matrix can lead to debonding at the interface, followed by crack deflection, crack bridging, and finally pull-out. Based on these microstructural observations, bridging and pull-out are possible toughening mechanisms for AlN-hBN composites. In general, spark plasma sintered AlNhBN composites exhibit strong texturing with the hBN grains oriented such that the c-axis is parallel to the pressing direction. This anisotropic texture might lead to a rising crack resistance curve (R-curve) 8) by the bridging and pull-out of plate-like BN. The machinability of AlN-hBN composites was evaluated using an end-milling test. The effect of hBN content on cutting resistance is shown in Fig. 9 . The cutting resistance of AlN monolith could not be measured due to its brittle fracture. The feed and thrust forces decreased with increasing hBN content. The cutting resistances for the thrust and feed forces became almost identical as the hBN content increased more than 20 vol%, representing excellent machinability. Figure 10 shows the effect of depth of cut on the cutting resistance. As anticipated, the cutting resistance increased with depth of cut.
Conclusions
AlN-hBN composites with different hBN content were successfully prepared by spark plasma sintering. The microstructure, mechanical properties, and machinability of the composite were investigated. The results obtained can be summarized as follows:
1. With increasing hBN content, Young's modulus, biaxial flexural strength and hardness decreased, whereas fracture toughness increased. The decrease of biaxial flexural strength is mainly attributed to the decrease in the modulus as well as an increase in the residual porosity. In addition, the residual tensile stress developed between AlN and the flat surface of hBN is another possible reason for the strength reduction.
2. The degree of crack deflection and pull-out increased with an increase in the hBN content due to the weak interfacial bond between the AlN grains and the hBN. The fracture mode transitioned from mixed mode into intergranular fracture with increasing hBN content. Crack deflection and pull-out of hBN platelets were frequently observed.
3. During end-milling processes, feed and thrust forces decreased with increasing hBN content, showing excellent machinability in the AlN-hBN composites. 
